• CONCLUSION: The minimum GCIPL thickness is the best GCIPL parameter to detect non-highly myopic PPG from highly myopic eyes, whose diagnostic ability is inferior to that of average RNFL thickness and RNFL thickness of several temporal and inferotemporal clock-hour sectors. The average RNFL thickness is recommended for discriminating PPG from highly myopic healthy eyes in current clinical practice in a Chinese population.
INTRODUCTION

I
t is believed that almost half of the world's population is likely to develop myopia by the year of 2050, as many as 10% of whom have high myopia (HM) [1] . One of its common associated pathologies is primary open angle glaucoma (POAG), a progressive optic neuropathy characterized by progressive loss of retinal ganglion cells (RGCs) and their axons, eventually resulting in visual field loss. Diagnosis of early glaucoma in highly myopic eyes is challenging because HM itself shares some morphological and functional similarity with POAG, including peripapillary retinal nerve fiber layer (RNFL) thinning, peripapillary crescent, optic disc torsion and tilting, shallow and large cup, and non-progressive visual field defect [2] . At molecular level, the two conditions also showed some associations including the similarity of collagen changes and hypersensitive responses to glucocorticoids [3] . Moreover, the visual field defect cannot be detected until 30%-50% of RGCs are lost [4] . Thus, distinguishing eyes with characteristic glaucomatous structural changes, but without detectable visual field loss, termed preperimetric glaucoma (PPG), in eyes with HM, is even harder in clinical practice. More effective and accurate diagnostic tools and parameters are needed. As optical coherence tomography (OCT) technology evolves over the past 20y, OCT-based RNFL and ONH evaluation have become a mainstream methodology in diagnosing and monitoring of glaucoma. Recently, several studies have demonstrated that ganglion cell-inner plexiform layer (GCIPL) Int J Ophthalmol, Vol. 12, No. 1, Jan. 18, 2019 www.ijo.cn Tel: 8629-82245172 8629-82210956 Email: ijopress@163.com thickness performs better than, or comparable to RNFL thickness in detecting glaucoma [5] [6] [7] [8] [9] . However, reports on glaucoma diagnosis for highly myopic eyes showed conflicting results, due to factors including greater variability of RNFL and GCIPL thickness in highly myopic eyes [10] , differences in the characteristics of study populations, and possible statistical bias. To clinicians, it is the detection of glaucoma in its earliest stage, not in the moderate or late stage, counts for greater clinical significance and challenge. However, evaluations of the diagnostic ability of OCT parameters in PPG eyes were rare. In non-highly myopic eyes, Begum et al [11] reported that the diagnostic ability of the GCIPL parameters was similar to that of the RNFL and ONH parameters in diagnosing perimetric glaucoma, but significantly lower than those of the RNFL and ONH parameters in distinguishing PPG. Aydogan et al [12] reported that the average RNFL thickness and rim volume surpassed GCIPL parameters in diagnosing PPG. But Kim et al [13] and Sung et al [14] showed that the GCIPL parameters were comparable with the RNFL and ONH parameters in diagnosing PPG in Korean populations.
To the best of our knowledge, the only study that included highly myopic PPG eyes was from Seol et al [15] . They reported that the inferotemporal macular GCIPL thickness was the best parameter in discriminating highly myopic PPG eyes from highly myopic healthy eyes, with significantly better performance than other OCT parameters. However, many studies have shown that the GCIPL thickness is highly correlated to the RNFL thickness [16] [17] . It is expected that the GCIPL thickness thinning can also be detected in PPG eyes, whose RNFL thickness decrease, as the disease definition indicates. In Seol et al's [15] study, the dioptric difference was insignificant between case (highly myopic PPG eyes) and control (highly myopic healthy eyes). Hence, the influence of high myopia on GCIPL thickness could be regarded as equal between the two groups. After adjusting for the influence of high myopia, it was not surprising that GCIPL thickness had good diagnostic performance in identifying PPG from healthy eyes. As far as we know, there has no studies by far regarding the performance of OCT parameters in diagnosing nonhighly myopic PPG from highly myopic healthy eyes, a more confusing clinical scenario. Therefore, the purpose of our study was 2-fold: to investigate the diagnostic ability of macular GCIPL thickness parameters in differentiating non-highly myopic PPG from highly myopic healthy eyes, and to compare their performances with those of RNFL thickness parameters.
SUBJECTS AND METHODS Ethical Approval
The study followed the tenets of the Declaration of Helsinki and was approved by our Institutional Review Board (IRB). Written informed consent was obtained from all participants. respectively at the same visit. A 5-minute interval between each scan was guaranteed and artificial tear was provided if dryness or dazzle was complained by the participants. Images with signal strength of <6 and those with visible eye motion or blinking artifacts (discontinuous jump) and segmentation failure were considered of poor quality and discarded. The ganglion cell analysis (GCA) algorithm was used to process the data obtained by Macular Cube 512×128 protocol to calculate the thickness of the macular GCIPL within a 14.13 mm 2 elliptical annulus area (dimensions: a vertical inner and outer radius of 0.5 mm and 2.0 mm and a horizontal inner and outer radius of 0.6 and 2.4 mm, respectively) centered on the fovea. The algorithm identifies the outer boundary of the RNFL and the IPL so that the combined thickness of the GCL and IPL (termed "GCIPL") was yielded. The average, minimum, and sectoral (superior, superonasal, inferonasal, inferior, inferotemporal, and superotemporal) GCIPL thickness was analyzed. The minimum GCIPL thickness was defined as the minimum measurement of the 1-degree intervals by sampling 360 spokes extending from the center of the fovea to the edge of the ellipse. As for peripapillary RNFL thickness parameters, the average RNFL, and the 12-clock-hour RNFL thickness were included in the study. The superonasal RNFL thickness (1 o'clock for the right eyes and 11 o'clock for the left eyes) was labeled as S1, and the RNFL thickness of 12 o'clock was labeled as S2. S3 to S12 was labeled sequentially in an anticlockwise direction for right eyes and in a clockwise direction for left eyes. Statistical Analysis Statistical analyses were performed using SPSS version 22.0 (SPSS Inc., Chicago, IL, USA). The data were analyzed with frequency and descriptive statistics. Kolmogorov-Smirov test and Levene test were conducted to test the normality and homogeneity of variance, respectively. Age, IOP, refraction, MD, GCIPL and RNFL thickness was compared between groups using analysis of variance (ANOVA). Multiple comparisons with Bonferroni adjustments were used for pairwise comparisons. The glaucoma diagnostic ability of each OCT parameter was determined by the area under the receiver operating characteristic (AUROC) curve. Age-adjusted AUROCs were further performed between groups using a covariate adjustment regression method [18] [19] .
The glaucoma diagnostic ability of OCT parameters was assessed in two distinguishing groups: eyes with PPG and non-glaucomatous eyes including normal controls and highly myopic eyes (Group 1), and eyes with PPG and highly myopic eyes (Group 2). The AUROCs of different variables were compared using MedCalc software version 12.0 (Med-Calc Statistical Software bvba, Mariakerke, Belgium) based on the method of DeLong et al [20] . P<0.05 was considered statistically significant. RESULTS A total of 254 eyes were included in this study. The baseline demographic and clinical characteristics were displayed in Table 1 . Compared with normal control subjects and subjects with high myopia, patients with PPG were significantly older (all P<0.001). The IOP showed significant difference between groups (P=0.046). The refraction of normal eyes and eyes with PPG were of no statistical difference (P=0.909). The MD of perimetry test was of no significant difference between each group (P=0.065). The macular GCIPL thickness and peripapillary RNFL thickness of each group as well as the pairwise comparisons were presented in Table 2 . Almost all GCIPL parameters decreased from normal control, high myopia to PPG. However, the RNFL thickness, especially the temporal and nasal RNFL thickness, lacked such regularity. Significant differences between each group were found in all parameters but the nasal RNFL thickness (S10 and S11). For further pairwise comparisons, all GCIPL thickness of HM and PPG were significantly thinner than NC, respectively. Only minimum, inferior and inferotemporal GCIPL thickness of the highly myopic eyes were significantly thicker than those of eyes with PPG. The average RNFL thickness and almost all superior and inferior RNFL thickness of HM and PPG were significantly thinner than NC. The temporal RNFL thickness of highly myopic eyes was the thickest, with statistical significance than those of NC and PPG eyes. The age-adjusted AUROCs were summarized in Table 3 and Figure 1 . In discriminating PPG from non-glaucomatous eyes, minimum GCIPL thickness was the GCIPL parameters with SD-OCT in diagnosing preperimetric glaucoma Vol. 12, No. 1, Jan.18, 2019 www.ijo.cn Tel: 8629-82245172 8629-82210956 Email: ijopress@163.com the best diagnostic performance, followed by inferotemporal and inferior GCIPL thickness. Average RNFL thickness had the largest AUROC among all RNFL parameters, followed by RNFL thickness of S7 and S4. In discriminating PPG from highly myopic eyes, the rank of GCIPL parameters with distinctive diagnostic performance were identical with the first distinguishing group. Average RNFL thickness and RNFL thickness from S3 to S7 had higher AUROC (>0.7) than other RNFL parameters, in which the RNFL thickness of S4 demonstrated the best diagnostic ability among all RNFL parameters. There were statistically significant differences in AUROC between minimum GCIPL thickness and RNFL parameters (Table 4) .
DISCUSSION
In this study, we evaluated the diagnostic ability of macular GCIPL thickness parameters in discriminating non-highly myopic eyes with PPG from highly myopic eyes and compared their performances with those of peripapillary RNFL thickness parameters. The minimum GCIPL thickness was the best GCIPL parameter in discriminating PPG from HM, whose diagnostic ability was though statistically significantly lower than average RNFL thickness and three other RNFL thickness parameters in temporal and inferotemporal clockhour sectors.
In our study, all GCIPL thickness parameters were significantly thinner in HM group than in the control group. Although the retinal thickness in the central-most area tend to be preserved in high myopia [21] , it has been well confirmed that the elongation of the globe leads to mechanical stretching and thinning of peripapillary RNFL and macular GCIPL in highly myopic eyes [22] [23] . Possible reasons include the nature of chorioretinal atrophy [24] and blood flow retardation [25] [26] in highly myopic eyes and the magnification effect [27] [28] of OCT imaging. The minimum, inferior and inferotemporal GCIPL thickness in highly myopic eyes were significantly thicker than those of eyes with PPG. In discriminating PPG from highly myopic eyes, minimum GCIPL thickness was the GCIPL parameters with the highest AUROC value, followed by inferotemporal and inferior GCIPL thickness. Average RNFL thickness and RNFL thickness from S3 to S7 had higher AUROC value (all >0.7) than all GCIPL parameters and other RNFL parameters, in which the RNFL thickness of S4 demonstrated the best diagnostic ability among all OCT parameters. The AUROC value of RNFL parameters (average, S4, S6 and S7) were significantly higher than those of minimum and Inferotemporal GCIPL thickness. We presumed that there might be two reasons that RNFL performed better than GCIPL in diagnosing PPG. First, unlike moderate to advanced glaucoma, the structural damages are focal and subtle in PPG. The GCIPL thickness generated by GCA algorithm reflects the RGC population in a 14.13 mm 2 elliptical annulus area centered on the fovea, where locates only 50% of the total ganglion cell population in the retina [29] . As a result, any focal RGC damage outside the measurement area cannot be detected by the algorithm. On the contrary, peripapillary RNFL reflects the axons of all ganglion cells of the retina [11] . RNFL provides more comprehensive information of ganglion cell damage compared to GCIPL parameters. Second, according to the definition of PPG in the present study, our diagnostic criteria of PPG were mostly based on the RNFL thickness, making the RNFL thickness both the "golden standard" and one of the parameters being evaluated. Such inherent bias could overstate the diagnostic abilities of RNFL parameters [30] .
In all six sectional GCIPL parameters, the inferotemporal GCIPL thickness is the best parameter in discriminating PPG from HM. However, in clock-hour peripapillary OCT parameters, S4 is the parameter with the best discriminating power. There was a spatial discrepancy of RNFL and GCIPL Figure 1 The AUROC curves of OCT parameters in discriminating PPG A, B: AUROC curves of GCIPL parameters and RNFL parameters in discriminating PPG from non-glaucomatous eyes including normal eyes and highly myopic eyes, respectively; C, D: AUROC curves of GCIPL parameters and RNFL parameters in discriminating PPG from highly myopic eyes, respectively.
SD-OCT in diagnosing preperimetric glaucoma
Int J Ophthalmol, Vol. 12, No. 1, Jan.18, 2019 www.ijo.cn Tel: 8629-82245172 8629-82210956 Email: ijopress@163.com distribution. Due to factors like optic disc tilting and torsion, peripapillary crescent, and optical artifacts, the distribution pattern of the RNFL bundles in highly myopic eyes should be considered when interpreting the RNFL thickness map in these patients. Leung et al [31] showed that the inferotemporal and superotemporal nerve fiber bundles tend to be more temporally oriented in eyes with increasing myopia in RNFL thickness map. Therefore, it was reasonable to assume that the temporal RNFL was more sensitive in revealing even minor glaucoma damages. In this study, the average refraction of the high myopia participants was -8.51±2.09 D, and temporal RNFL thickness (S4 to S6) showed a better discriminating power than RNFL parameters in other sectors. Specifically, the AUROC values of S4 (0.802) and S6 (0.792) were very close to each other and the difference was statistically insignificant. Interestingly, these results were inconsistent to our previous study showing inferior and superior quadrant RNFL thickness had higher diagnostic ability than temporal RNFL thickness in non-myopic eyes [32] . On the other hand, we previously showed that the inferotemporal GCIPL thickness was the best sectoral parameter in discriminating early glaucoma in nonmyopic eyes. Likewise, Takayama et al [7] found the same result in Japanese population, indicating that the ganglion cell inferotemporal to the fovea may have a nature of likelihood of being affected by glaucoma prior to ganglion cells in other sectors. The histological correlation with retinal ganglion cells and retinal nerve fiber in the very early stage of glaucoma needs to be studied in further investigations. Our results were somewhat different from the previous work reported by Seol et al [15] , the reason for which would be the differences in study design and subject selection. The hospital-based case-control design of the previous publication enrolled highly myopic PPG as "case" and refractive dioptermatched highly myopic healthy eyes as "control". However, the purpose of a diagnostic test is to discover a disease in subjects suspected of having it, but not in subjects without any suspicious signs of the disease. PPG and high myopia can both manifest RNFL thinning and changes in ONH morphology, causing difficulty and confusion in identifying each other in clinical practice. Therefore, high myopia could be regarded as one of the forms of glaucoma suspects. If the estimate of the diagnostic performance is extrapolated to the population including glaucoma suspects, such bias is likely to exist. Unlike the previous study which investigated the diagnostic ability of OCT parameters in differentiating highly myopic PPG from highly myopic healthy eyes, our study explored the ability of those parameters in diagnosing non-highly myopic PPG from highly myopic healthy eyes, trying to minimize the effect of overestimating the diagnostic performance of the evaluated parameters. Besides, the diagnostic criteria of PPG in the previous publication failed to clearly identify which kind of localized RNFL defect was glaucomatous but not caused by high myopia. It is important to note that the internal normative database of Cirrus HD-OCT does not include any highly myopic subjects. Therefore, the RNFL defect indicated by OCT might be relevant to high myopia, but not PPG itself. To the best of our knowledge, there are no universally accepted identification criteria for glaucomatous RNFL defect of PPG with high myopia. In case of recruiting highly myopic PPG without clear diagnosis, our study was designed to employ the eyes with non-highly myopic PPG as case, and highly myopic eyes as control. Despite of good diagnostic accuracy of individual OCT parameters in a static evaluation pattern, clinicians cannot easily determine which parameters are the most efficient in different clinical dilemma. For instance, in some situation ONH parameters may appear to be the most sensitive when in another situation RNFL thickness turns the most sensitive parameters. Moreover, the large quantity of parameters can be problematic, because most of them are highly correlated to each other and have reduplicative information [33] . Mwanza et al [34] have developed a multivariable model using a combination of OCT parameters and confirmed that the model was able to successfully predict glaucoma with early visual field loss whose performance outperformed individual OCT parameters. Such combination model could reduce the number of parameters lack of clinical significance and introduce indicators loading sufficient information for effective clinical decisions. There were several limitations of our study. First, the PPG patients were significantly older than normal control and highly myopic subjects. Age-adjusted AUROCs were used for the diagnostic ability evaluation of spectral-domain optical coherence tomography (SD-OCT) parameters. In a cohort of our unpublished data, we found that the all eight GCIPL thickness parameters in healthy volunteers had no significant difference between the age groups of 20 to 29y, 30 to 39y, 40 to 50y, and even 50 to 59y (all P<0.001). Based on these findings, we assumed that the difference in age between groups at the baseline would put minimal influence on our final conclusions. Second, the sample size was not large enough and unbalanced between HM and PPG group. Large cohort investigations will be required in the future for more convincing results. Third, this was a retrospective study without follow-up data, so the potential of highly myopic eyes being develop into real glaucoma could not be excluded. Last, the retrospective study design and the lack of golden standard to diagnose PPG with HM may miss "real" PPG in the HM group, especially if the glaucoma is in the earliest stage when the IOP is not always over 21 mm Hg and no ONH morphology change is found.
This situation may result in bias and underestimation of the diagnostic performances of the GCIPL parameters. More sensitive indicators are expected to be introduced for more precise investigations. A strength of this study is the introduction of non-highly myopic PPG as case and high myopia as control in determining the glaucoma diagnostic ability of OCT parameters, as discriminating non-highly myopic PPG instead of highly myopic PPG from high myopia is more confusing in clinical practice. In summary, although the minimum GCIPL thickness was the best GCIPL parameter to discriminate non-highly myopic PPG from highly myopic eyes, its diagnostic ability was not as good as that of average RNFL thickness and RNFL thickness of several temporal and inferotemporal clockhour sectors (S4, S6 and S7). Based on the current study, the average RNFL thickness is recommended for discriminating PPG from highly myopic healthy eyes. However, as one of the most challenging and confusing situations in clinical practice, new algorithms and platforms that combine information conveyed by each individual parameter may be more helpful and clinically valuable for identifying early glaucoma from high myopia.
